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Abstract
Restriction fragment length polymorphism (RFLP) analysis of 
mitochondrial DNA (mtDNA) was used to elucidate genetic relationships 
among geographically isolated populations of bluefish (Pomatomus  
salta trix ). MtDNA haplotypes based on 9 informative restriction 
endonucleases were generated from samples of approximately 20 bluefish  
each from Portugal, Brazil, South Africa, western Australia and eastern  
Australia. The RFLP data were combined with those from a previous 
analysis of genetic variation among 472 United States and 19 eastern  
Australian bluefish. Considerable genetic variation was revealed w ithin  
most samples, with haplotype diversities ranging from 0.105 to 0.924 (mean 
0.636, pooled 0.917) and nucleotide sequence diversities ranging from 0.03% 
to 0.71% (mean 0.35%, pooled 1.09%). No mtDNA haplotypes were shared 
among geographic samples although some haplotypes from isolated  
populations were quite similar, differing by only one or two restriction site  
changes. N et nucleotide sequence divergences between samples ranged 
from 0.26% (USA vs. Portugal) to 1.75% (Brazil vs. western Australia). 
Clustering of net nucleotide sequence divergences indicated that bluefish  
from USA, Portugal and South Africa were closely related, as were those 
from eastern Australia and western Australia. The Brazil sample was 
distantly related to all other populations. Neighbor joining and parsimony 
analyses of relationships among individual haplotypes supported the 
groupings based on analyses of net nucleotide sequence divergences and 
were consistent with either low levels of mixing or recent genetic isolation  
among geographic populations. Similar phylogeographic trends have been 
found among other widely distributed fish populations, although values of 
nucleotide sequence divergence vary among the studies. Levels of genetic 
divergence between isolated populations suggest relatively recent 
separation or a low level of gene flow. Migration between isolated  
populations of bluefish could result from long distance dispersal of early life 
history stages or movements of adults during tim es of suitable temperature 
distributions.
Introduction
Gene flow among individuals of a species lim its the accumulation of 
intraspecific genetic differences. However, in the absence of gene flow, 
populations tend to diverge genetically due to natural selection and genetic 
drift. Many marine species do not comprise a single, genetically  
homogeneous population. Within some species, populations are isolated by 
vast distances, while in others, populations occur in fragmented 
distributions separated by environmental barriers such as unsuitable 
habitat. Even species which occur in broadly distributed, continuous 
geographical areas may still exhibit genetic divergence. The distribution of 
genetic variation among populations may be used to infer a species’ 
evolutionary history.
While there have been many genetic studies of globally distributed 
fishes with continuous ranges such as tunas and billfishes, there are few  
investigations of widely distributed marine fishes that occur in isolated  
populations. To elucidate genetic relationships among six geographically 
isolated populations of bluefish (Pomatomus salta trix ), a temperate marine 
fish that is broadly distributed throughout the world's oceans, I used 
restriction fragment length polymorphism (RFLP) analysis of 
mitochondrial DNA (mtDNA). Results of phylogenetic analyses of the six  
populations were compared and used to formulate hypotheses on forces 
influencing bluefish distribution, First, I review the biology of bluefish, 
followed by a brief synopsis of the use of genetic techniques in determining 
relationships among populations.
1
Distribution of bluefish
The bluefish is a migratory, pelagic species found in coastal 
temperate and subtropical waters of all oceans except the eastern Pacific 
(Briggs 1960, Figure 1). Eight major isolated coastal areas are known to 
support bluefish populations: in the Pacific Ocean, off eastern Australian  
(EAU); in the Indian Ocean, off western Australia (WAU), the Indonesian  
Archipelago (IND) and southern Africa (SAF); in the Atlantic Ocean, off the 
coasts of South America (BRZ), North America (USA), the Azores (AZO), 
and the European coast and into the Mediterranean/Black Seas (MED). 
W ithin these eight isolated areas, the ranges are as follows: (1) EAU: from 
Fraser Island to the New South Wales/Victoria border (Kailola et al. 1993). 
(2) WAU: from Onslow to Albany, less common in southern Australia and 
the Great Australian Bight (Kailola et al. 1993). (3) IND: through the 
Indonesian islands (Van der Elst 1976). (4) SAF: following the coast of South 
Africa, continuing around the Cape of Good Hope, and extending into the 
Indian Ocean as far northward as Madagascar (Van der Elst 1976). (5) BRZ: 
along the coast of Brazil, north through Venezuela (Wilk 1977). (6) USA: 
from the Gulf of Mexico to Nova Scotia (Wilk 1977). (7) AZO: throughout the 
Azores (Van der Elst 1976). (8) MED: off the Algerian coast (Marinaro 1971), 
as far northward as Barcelona, Spain (Sabates and Martin 1993), and 
through the Black Sea (Tortonese 1986). Bluefish have been reported off 
Chile (Fowler 1944), but the validity of this observation has been questioned 
(Kendall and Walford 1979), and generally bluefish are not thought to occur 
in the eastern Pacific.
2
Figure 1. Distribution of bluefish (Pomatomus saltatrix) and sam pling  
locations. Hatched areas represent locations of documented occurrences. 
Unmarked sections indicate areas where no bluefish catches have been 
recorded.
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Life history o f  bluefish
Bluefish are highly fecund, broadcast spawners that produce buoyant, 
pelagic eggs (Lippson and Moran 1974). For USA and SAF bluefish, the 
spawning, hatching and early larval stages occur on the outer continental 
shelf (Smith et al. 1994; Van der Elst 1976), while in the MED, 
spawningoccurs close to shore (Sabates and Martin 1993). In both the MED 
and the USA, spawning occurs when water temperatures reach at least 
18°C and average 25°C (Sabates and Martin 1993; Norcross et al. 1974), and 
the eggs hatch about 48 hours after spawning (Wilk 1977). In the USA, after 
a 2-3 month larval stage, fully developed juveniles of 40-50 mm total length  
move shoreward (Lippson and Moran 1974). At about five months of age, the 
young are 175-200 mm total length (Lippson and Moran 1974).
Hare and Cowen (1993) developed a model for bluefish larval transport 
in the USA, and concluded that large-scale physical oceanography plays a 
major role in determining the spatial scale of bluefish reproduction and 
recruitment. Larval bluefish of the USA are found in the surface layers 
(Kendall and Walford 1979; Collins and Stender 1987) and thus are subject to 
surface currents and Ekman transport. Usually bluefish larvae move 
across the shelf and into estuaries after about two months on the outer shelf 
(Kendall and Walford 1979). Water temperature may affect bluefish growth 
rates and the amount of time spent in the pelagic larval stages, with fish in 
colder waters experiencing longer pelagic stages and slower growth rates 
(McBride and Conover 1991). Because of the currents and warmer waters, 
eggs and larvae spawned in the southern part of the range are likely to be 
transported northward, along the Atlantic coast of the United States by the 
Gulf Stream, yet may possibly be swept away from the coast further north by 
the Gulf Stream currents (Collins and Sender 1987; Hare and Cowen 1993).
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This movement away from southern coastal estuaries may promote long­
distance larval dispersal from localized spawning areas to the New England 
shore as well as to the eastern Atlantic Ocean.
Adult bluefish are fast-swimming, schooling fish that migrate along 
the continental shelf as well as across the shelf in response to seasonal 
changes (Wilk 1977). In the USA, the migratory pattern of juveniles and 
large adults is principally inshore-offshore (Lund and Maltezos 1970) while 
sm aller adults primarily migrate north-south, swimming towards warmer 
waters at the onset of fall (Norcross et al. 1974). Off the coast of South Africa, 
bluefish migrate northward in June at the beginning of winter, and inshore 
during the warm, summer months (Van der Elst 1976). EAU bluefish also 
have a seasonal migration, moving northward in the austral fall and 
returning southward in September (Nurthen et al. 1992; Pollock 1984).
Although spawning occurs in waters >25°C, bluefish primarily 
inhabit temperate waters, preferring temperatures between 18.9 and 22.2°C. 
Bluefish behavior is drastically altered in water outside a range of 11.9 to 
29.2°C (Wilk 1977). Kendall and Walford (1979) reported a preference for 
waters 15°C and warmer for USA bluefish larvae and Lund and Maltezos 
(1970) observed that bluefish consistently entered waters when surface 
temperatures rose to 12-15°C and vacated when the water dropped below 
15°C, suggesting that migration of bluefish may be cued by water 
temperature. Olla et al. (1985) found that in the laboratory bluefish behavior 
changes with thermal manipulations that corresponded to those 
temperature conditions observed at the onset of bluefish migrations in the 
wild. While seasonal temperature changes affect migrations, historical 
changes in global water temperatures may have contributed to historical
5
geographic isolation and thus large-scale structuring of bluefish 
populations.
Bluefish population structure
Bluefish population structure has been examined through tag and 
recapture, morphometric and genetic studies. Tagging studies of EAU  
bluefish have shown long distance north-south migrations as great as 390 
km associated with seasonal temperature changes and spawning (Pollack 
1984). Small USA bluefish (up to two kg) have seasonal migrations between  
Florida and New England. One bluefish tagged off of Long Island, NY was 
recaptured 1371 km south, off Charleston, SC (Lund and Maltezos 1970). 
Adult bluefish do not migrate as far in a north-south direction but tend to 
move inshore during the warmer seasons and offshore near Cape Hatteras 
during cooler weather (Deuel, referenced in Wilk 1977).
Tagging studies indicated that bluefish are capable of long distance 
migrations, facilitating gene flow between areas. However, some 
morphometric studies revealed stock structure. A meristic study of bluefish  
along the US Atlantic seaboard examined five characteristics. Only one, the 
number of gill rakers on the first-branchial arch, indicated statistically  
significant differences among populations (Lund 1961). Comparative 
analysis of this feature led to the separation of USA bluefish into six distinct 
races. However, this type of morphological variation may be influenced by 
environmental factors (Metcalfe 1993; H. Austin, College of William and 
Mary, unpubl. data).
Counter to morphological evidence, genetic studies suggest 
homogeneity w ithin continuous bluefish populations, but reveal significant 
genetic divergence between geographically isolated bluefish populations.
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Despite evidence of two distinct seasonal bluefish recruitment periods in 
EAU (Anon. 1981), examination of nine polymorphic allozymes revealed no 
significant divergence between seasonal samples (two samples w ithin one 
year from one location) as well as no significant divergence among bluefish  
from three geographical sites along the coast of EAU (Nurthen et al. 1992). 
The same study showed significant frequency differences for two of six  
polymorphic loci between geographically isolated stocks from either side of 
the Australian continent, providing evidence for genetic independence of the 
EAU and WAU bluefish populations.
In agreement w ith allozyme analyses, RFLP analysis of mtDNA  
revealed little evidence for population structuring among the highly variable 
mtDNA haplotypes of northwest Atlantic bluefish but demonstrated 
significant genetic divergence between samples from the USA and EAU  
(Graves et al. 1992). USA bluefish had previously been separated into two 
stocks according to their spawning date and location (e.g. Lund and 
M altezos 1970) and six stocks based on meristic differences, as indicated 
above. In the mtDNA study, no significant genetic difference was found 
among haplotype frequencies of seasonal bluefish samples (spring- and 
summer-spawned young-of-the-year) or samples from three locations along 
the Atlantic Coast of the United States. The mtDNA data are consistent with  
the hypothesis of one larval pool for all USA bluefish. This theory was also 
supported by findings of Smith et al. (1994) in an examination of bluefish egg 
and larval occurrence throughout the northwestern Atlantic Ocean which 
revealed a continuum in bluefish spawning tim es and locations. Egg and 
larval occurrences gradually shifted northward (from Cape Hatteras, North 
Carolina to Cape Sable, Nova Scotia) through the spawning season (May to 
September) rather than appearing as products of discrete spawning events.
7
To assess the significance of geographic variation of genetic 
divergence in population structure, temporal stability of genetic variation 
m ust also be analyzed. Allozyme analysis of EAU bluefish and RFLP 
examination of mtDNA from USA bluefish samples taken from specific sites 
over several years revealed no divergence in either location (Nurthen et el. 
1992; Graves et al. 1992). From these studies, it appears that local genetic 
population structure remains stable from year to year.
Population structure revealed by genetic techniques
A variety of genetic techniques are available for studies of population 
structure in marine species (Ryman and Utter 1987). The molecular 
characters chosen for study should display sufficient variation to allow for 
identification of genetic differences in closely related stocks. Allozyme 
electrophoresis is a cost efficient way to examine gene products and was the 
primary method used to study population structure of marine organisms for 
m any years. Allozyme analysis may not be useful for discriminating closely 
related stocks, however, because its evolutionary rate is not rapid enough to 
allow resolution of short-term population divergence.
Recently, analysis of mitochondrial DNA and rapidly evolving regions 
of nuclear DNA using RFLP or sequencing techniques has allowed high  
resolution of intraspecific genetic changes (reviewed in Murphy et al. 1990). 
Studies of the nuclear genome are useful for identification of population 
structure from gene flow of both females and males (e.g. Karl et al. 1992; 
Wirgin and Waldman 1994) while analysis of maternally inherited mtDNA  
only shows female gene flow (Brown 1983). MtDNA studies can, however, be 
quite useful for discrimination of closely related stocks. Although the 
mtDNA molecule evolves more slowly for turtles and sharks than for
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ungulates and primates (Avise et al. 1992 and Martin et al. 1992), the 
mtDNA genome evolves approximately ten tim es faster than coding regions 
of single copy nuclear DNA (Brown et al. 1979). This rapid evolutionary rate 
permits high resolution of genetic differences with which evolutionary 
processes may be analyzed.
Analysis of mtDNA has been used to study the population genetic 
structure of several broadly distributed fishes. For example, mtDNA  
genotype distributions of three species of Atlantic and Indo-Pacific billfishes 
w ith continuous, circumtropical distributions revealed high levels of 
intraspecific population structuring between ocean basins (Graves and 
McDowell 1995), while analysis of continuously distributed yellowfin tuna  
from the Pacific and Atlantic Oceans revealed no significant differences in  
haplotype distributions (Scoles and Graves 1993). In contrast, three 
cosmopolitan species of Scomber  (mackerel) with geographically isolated  
populations showed structuring between, and even within, ocean basins 
(Scoles 1994). Likewise, Crosetti et al. (1993) found extreme differentiation 
between discontinuous, coastal grey m ullet (Mugil cephalus) populations 
from the Central and Eastern Pacific as well as between those from the 
M editerranean and Eastern Atlantic, suggesting long-term isolation of 
these populations. Thus, RFLP analysis of mtDNA appears well suited to 
reveal population genetic structure of broadly distributed fishes.
Objectives
The objective of the present study was to investigate the genetic 
relationships among six geographically isolated populations of bluefish. 
Long term temporal stability of haplotypes at a single location (EAU) and 
genetic sim ilarity among all of the populations were assessed using RFLP
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analysis of mtDNA. Relationships of mtDNA haplotypes were compared to 
determine degrees of genetic similarity and reconstruct the historical 
branching of the bluefish lineages. The results from the genetic analyses 
were used to relate the evolutionary history of the bluefish to past global 
geographic events.
1 0
M aterials and Methods
Sam ple collection
Bluefish were collected from each of the following locations: Faro, 
Portugal; Durban, South Africa; Santos, Brazil; Perth, Western Australia; 
and Sydney Harbor and Port Stephens, New South Wales, Australia.
Sample sizes, collection dates and mean size of fish are presented in Table 1. 
Whole small fish or tissue samples (muscle, gonad and heart) of larger 
specimens were removed on site, frozen to -20°C, transported to the lab on 
wet or dry ice as available and stored at -70°C until analysis. Because of 
variations in the quality of storage at the sample sites and during transport, 
some samples thawed before reaching the laboratory, affecting the 
techniques used in their processing.
DNA purification and isolation
MtDNA was purified using cesium chloride-ethidium bromide 
density gradient centrifugation for RFLP analysis of some bluefish and for 
preparation of homologous probe. This technique separates mtDNA from 
the more abundant nuclear DNA based on density differences resulting 
from different molecular conformations. However, repeated freezing and 
thaw ing or suboptimal storage of samples can disrupt the closed circular 
conformation of the mtDNA molecule, thereby elim inating the structural 
differences between mitochondrial and nuclear DNA. Yields of closed- 
circular mtDNA were low for most foreign samples, probably resulting from 
poor temperature control during storage and shipping.
MtDNA was purified from gonadal tissue of local (USA) bluefish  
using protocols modified from Lansman et al. (1981). 3-4 grams of tissue  
were homogenized in 5 ml cold grinding buffer (50mM Tris, 25mM EDTA,
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Table 1. Bluefish sample collection information. Numbers in parentheses are the 
number of fish measured or weighed to give the mean shown.
sample n date location
standard
length
(SL) (mm)
weight
(g)
BRZ 24 Feb '93 Santos, Brazil 408 (8) 635 (8)
WAU 7 Mar '93 Western Australia 390(1)
17 May '94 Western Australia 196 (11) 80(11)
SAF 12 May '95 Durban, South Africa 229 (23) 147(23)
MED 28 Jul '94 Faro, Portugal 431 (10) 796 (10)
EAU 19 Feb '95 Port Hacking, N.S.W., Australia 127 (29) 26 (29)
EAU* 19 Feb ‘91 Port Stephens, N.S.W., Australia 155 (19)
USA* 472 Jul, Aug '88- '90 Virginia, New Jersey and North Carolina, USA 217 (472)
* from Graves et al. (1992)
1 2
1.5% KC1, pH 7.4) using a Tekmar tissuemizer set at 60% for approximately 
30 seconds. To remove nuclei and cellular debris the homogenate was 
centrifuged twice at lOOOxg for 10 minutes at 4°C and the pellet was 
discarded after each spin. Mitochondria were then pelleted at 23,000xg for 
25 m inutes at 4°C. The pellet was gently resuspended in 25 ml cold grinding 
buffer and spun again at 23,000xg for 25 minutes. The pellet was 
resuspended in 2.5 ml lx  TE (50mM Tris, lOmM EDTA, pH 7.4). 
Mitochondria were lysed with the addition of 320 pi 20% SDS and incubated 
at room temperature for 10 minutes. Ethidium bromide (0.177x volume of 2 
mg/ml) and cesium chloride (0.897x volume) were added to each sample and 
the solutions were transferred to ultracentrifuge tubes. Samples were spun  
in either a Beckman L7-55 ultracentrifuge at 36,000 rpm with an SW 50.1 
rotor for at least 36 hours at 20°C or a Beckman Optima TL ultracentrifuge 
at 70,000 rpm with an SN 223 rotor for at least 18 hours at 20°C.
Successful purifications resulted in a visible mitochondrial band 
about 0.5 cm below the larger nuclear DNA band. The mitochondrial bands 
were withdrawn with a hypodermic needle and the ethidium bromide was 
removed by repeated extraction with NaCl-saturated butanol. The resulting  
solutions were dialyzed against a series of TE ( lx  TE twice and O.lx TE twice 
for >12 hours each). The mtDNA was concentrated by ethanol precipitation 
(Sambrook et al. 1989) and resuspended in 150pl sterile water.
For those samples which were not frozen well at the collection site or 
thawed during transport, mtDNA-enriched genomic DNA was isolated  
using the protocols of Chapman and Powers (1984). The preliminary steps 
of this procedure are identical to those described above through 
mitochondrial lysis with SDS. At this point the lysate was centrifuged for 10 
m inutes at 4°C and 12,000xg and the supernatant saved. The supernatant
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was extracted three times with equal volumes of phenol, 
phenol:chloroform:isoamyl alcohol (25:24:1), and chloroform:isoamyl 
alcohol (24:1). After the final extraction the DNA was precipitated from the 
aqueous layer with ethanol (Sambrook et al. 1989). Each sample was 
resuspended in 200pl sterile water.
Restriction endonuclease digestion, electrophoresis and visualization
Purified mtDNA or mtDNA-enriched genomic DNA was digested  
w ith the following nine enzymes according to m anufacturers’ directions: 
A v a l,  H in d iII, P vu ll ,  D ra l, EcoRV , P stl,  S s t l , Ss^II, and N eil.  As a set, 
these nine enzymes were reported to reveal high levels of variation within  
sam ples of USA bluefish, as well as divergence between USA and EAU  
bluefish populations in a previous study (Graves et al. 1992). Aliquots of 
mtDNA-enriched genomic DNA were digested overnight while purified 
mtDNA required a shorter incubation time of about 2 hours. The resulting  
DNA fragments were separated by electrophoresis for 4 hours at 8 volts/cm  
in 1% agarose gels.
MtDNA fragments resulting from digestion of mtDNA-enriched 
genomic DNA were transferred after electrophoresis to a solid support 
(nylon membrane) and visualized by hybridization (Southern 1975).
Southern transfer was performed according to protocols of Sambrook et al. 
(1989) with one 20 minute depurination wash (0.25M HC1), two 15 minute 
denaturation washes (1.5M NaCl, 0.5M NaOH), and two 15 minute 
neutralization washes (1M Tris, 1.5M NaCl). The DNA was transferred to a 
nylon membrane by capillary action overnight using a lOx SSC (3M NaCl, 
0.3M Citric Acid) transfer solution. The DNA was crosslinked to the nylon 
membrane by UV radiation. Filters were prehybridized following protocols
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of the BRL BluGene Non-Radioactive Nucleic Acid Detection Kit at 42°C for 
at least 2 hours in a 50% formamide and 5xSSC solution. Because bluefish 
DNA is more likely to hybridize to salmon DNA than to calf DNA, calf 
thym us DNA was substituted for salmon sperm DNA as a blocking agent 
which suppresses non-specific attachment of probe to the membrane.
Filters were hybridized with one of two probes: homologous probe 
(bluefish mtDNA) purified by CsCl gradients as described above, or a 
heterologous probe (yellowfin tuna mtDNA). The heterologous probe 
consisted of PstI  fragments of yellowfin tuna (Thunnus albacares) mtDNA  
cloned into a pBluescript SK- cloning vector (Stratagene), and transformed 
into E. coli cells (XL-1 Blue MRF', Stratagene) (Scoles 1994). The 
heterologous probe was preferentially used because of the relative ease of 
m aintenance and low production costs compared with purifications.
Homologous and heterologous probe DNA was nick-translated with  
biotin-14-dATP using the BioNick Labeling System (BRL). Unincorporated 
nucleotides were removed by size exclusion chromatography. After 
desalting, probe DNA was denatured by boiling for 10 m inutes and stabilized  
by incubation on ice for 10 minutes. Each membrane of up to 30 digests 
received 0.5 pg of probe DNA and was hybridized overnight at 42°C.
Following hybridization, nylon membranes were washed with three 
stringency solutions: two washes of 2x SSC and 0.1% SDS for three minutes 
at room temperature, two washes of 0.2x SSC and 0.1% SDS for three 
m inutes at room temperature, and two washes of 0.16x SSC and 0.1% SDS 
for 15 m inutes at 42°C. The membranes were blocked with 3% Bovine 
Serum Albumin for one hour at 42°C. The probe-target hybrid was observed 
with colorimetric DNA detection using an SA-AP conjugate that binds to
1 5
biotin, and color visualization with BCIP and NBT dyes (BluGene Non- 
Radioactive Nucleic Acid Detection Kit, BRL).
D ata analyses
MtDNA fragment migration distances were measured and sizes were 
calculated using regression analysis comparing migration distances of 
fragm ents to known fragment lengths of size standards (lam bda-H i/id lll, 
Stratagene). Following the pattern designations of Graves et al. (1992) and 
additional patterns as necessary, a letter was assigned for each fragment 
pattern produced by digestion with each restriction endonuclease.
Composite mtDNA haplotypes were constructed by combining the assigned  
letters of fragment patterns for each restriction endonuclease digestion to 
form a nine letter haplotype for each specimen. Because the fragments 
were completely additive, gains and losses of restriction sites could be 
inferred by comparing mtDNA fragment sizes of the various banding 
patterns for each enzyme.
The Restriction Enzyme Analysis Package (REAP, McElroy et al.
1991) was used to estimate the following: h, haplotypic (nucleon) diversity 
(the probability of any two individuals in the sample having different 
haplotypes (Nei 1987)); k, nucleotide sequence diversity (the average number 
of nucleotide differences per site between two randomly chosen DNA  
sequences within a sample); d, haplotype nucleotide sequence divergence (a 
measure of genetic distance between haplotypes); and d, population net 
nucleotide sequence divergence (a measure of the genetic distance between 
populations of fish taking into account the within sample diversities) (Nei 
and Miller 1990). In addition to the restriction site data collected in the
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present study, those of Graves et al. (1992) from EAU and USA were 
included for the analyses.
Because the large (n = 472) USA sample of Graves et al. (1992) 
comprised almost as many haplotypes as all other bluefish samples 
combined, haplotypic comparisons using the entire USA sample would 
artificially inflate the contribution of haplotypes by the USA. For analyses of 
relationships among haplotypes and samples, the Atlantic bluefish sample 
of 472 individuals reported in Graves et al. (1992) was normalized to a 
sample of 24 fish based on ratios of haplotype frequencies calculated from 
the original USA sample. The validity of using these as representative 
sam ples from the USA was checked by creating random subsamples of 24 
haplotypes each from the data of Graves et al. (1992) and comparing 
haplotypic and nucleotide sequence diversities of the standardized 
subsample and the randomly calculated subsamples. Additionally, the  
subsam ples were examined by a cophenetic correlation comparing results of 
the Unweighted Pair Group Method with arithmetic Averages (UPGMA) 
(SAS 1991) between (1) the normalized subsample and the original sample of 
472 USA bluefish and (2) the random subsamples and the original USA  
sam ple.
Distributions of haplotypes among temporal and geographic samples 
were evaluated for homogeneity using the chi-square Monte Carlo 
randomization method of Roff and Bentzen (1989) which allows statistical 
analysis of RFLP data with small expected values (PAUP, Swofford 1989).
The UPGMA (SAS 1991) was also used to depict genetic relationships among 
the geographically isolated populations.
Relationships among haplotypes were examined phenetically by 
clustering of genetic distances (mean nucleotide sequence divergences) by
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the UPGMA (SAS 1991). Using a presence/absence matrix of restriction 
sites, relationships among haplotypes were further investigated by 
maximum likelihood parsimony analysis using Phylogenetic Analysis 
U sing Parsimony (PAUP, Swofford 1989), which creates phylogenetic trees 
by considering various evolutionary paths and choosing those w ith the 
few est steps. Strict consensus and 50% majority rule trees from the equally 
parsimonious products were created. PAUP was also used to create 
neighbor joining trees using algorithms of Nei and Li (1979). For both 
maximum parsimony and neighbor-joining analyses, character types were 
analyzed in two manners. Characters were considered unweighted  
(restriction site gains and losses were given equal values) and weighted (site 
losses = 1, site gains in 5-base pair restriction sites [iVcil] = 15, site gains in 
6-base pair restriction sites [all other 8 enzymes] = 18). Phylograms were 
rooted by the BRZ haplotypes.
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Results
Determination of sample size
To determine the minimum sample size needed to accurately reflect 
ihe genetic makeup of a population, the bluefish data set from Graves et al. 
(1992) was used as a hypothetical population. Using a random subsampling 
routine in Microsoft Excel spreadsheet, ten subsamples each of sizes 10, 20, 
30, and 40 bluefish were generated from the 472 USA bluefish. Haplotype 
and nucleotide sequence diversities were calculated for each subsample, as 
were nucleotide sequence divergences between USA subsamples and the 
EAU sample of Graves et al. (1992) were calculated using REAP. Mean 
subsample diversities and divergences and the standard deviations for each 
of the subsample size classes are presented in Figures 2 and 3. Both were 
visually examined, and the asymptotes recorded. Diversities and 
divergences asymptoted around 20 individuals and the standard deviations 
decreased greatly from sample sizes of 10 to 20 individuals, implying that 20 
is the minimum sample size needed to estimate the genotypic composition of 
a population assum ing that the other geographical populations of bluefish  
would not be more variable than the USA population.
Temporal stability
Distributions of mtDNA haplotypes of bluefish samples from the two 
geographic locations examined for temporal heterogeneity (EAU and WAU) 
appeared to be stable over time. Two samples of 19 EAU bluefish from 1991 
(Graves et al. 1992) and 1995 (this study) were remarkably similar as 18 of 19 
individuals from each sample shared a common haplotype (Table 2). No 
heterogeneity was observed between samples (p=0.481), and they were 
combined for further analyses. In addition, two small samples from WAU
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Figure 2. Nucleotide sequence diversities of random subsamples from USA  
bluefish haplotype data of Graves et al. (1992). Error bars are standard 
deviations of the mean diversities from 10 trials of each subsample size. For 
subsam ples of 20 and 40 individuals, standard deviations were too small for 
visualization of error bars.
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Subsample sizes
Figure 3. N et nucleotide sequence divergences between random subsamples 
from USA bluefish and 19 EAU bluefish. Haplotype data are from Graves et 
al. (1992). Error bars are standard deviations of the mean divergences from 
10 trials of each subsample size.
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Table 2. Haplotype distributions among bluefish sampling locations. Letters represent fragment patterns resulting from 
restriction endonuclease digestion in the following order: Aual, HindUl, Pvull, Dral, EcoTXV, Sstl, PstI, Ssfll, Neil. USA data 
from Graves et al. (1992) normalized to a 24 individual sample.
No. haplotype USA MBS BRZ
1 AAAAAAAAA 13
2 AAAAAAAAC 1
3 AAAAAAAAD 1
4 AAAABAAAA 2
5 AAAACAAAA 1
6 AAAADAAAA 2
7 AABABAAAA 1
8 BAAAAAAAA 1
9 BAAACAAAA 1
10 CAAAAAAAC 1
1 1 AAAABAAAA 15
12 AAAAEAAAB 1
13 AAAAEAAAI 1
14 AAAAEACAA 3
15 AAAAEDAAA 1
16 AAAACAAAB 1
17 GAAAEAAAA 5
1 8 AAAAGAAAJ 1
19 AAABGAAAJ 3
2 0 AAACGABAJ 1
21 AAAEGAAAB 1
2 2 AAAEEAAAK 1
2 3 AAAEGAAAJ 7
2 4 AAAEEAAAJ 4
2 5 AAAEGBAAJ 1
2 6 AAAFEAAAJ 1
2 7 AAAFGAAAJ 1
2 8 ABAEEAAAJ 1
2 9 GAAEGAAAJ 1
30 GBAEEAAAJ 1
31 AAAAAAAAB
32 AACAEAAAA
33 HACAEAAAA
34 AACAEAAAB
35 AAFAEAAAA
36 AAFAEEAAA
37 AAGAAAAAA
38 AAGAACAAA
39 AAAAABAAD
4 0 AAAAEAAAD
41 AAAAEBAAD
42 AAAAECAAD
43 AAABEAAAD
44 AADAEAAAD
4 5 BAAAFBAAD
4 6 BAABEAAAD
4 7 BAABEBAAD
4 8 EAABEBAAD
4 9 CAAAECAAD
50 AAAEEAAAD
51 AAAEFAAAD
52 HAADEAAAD
SAF WAU ‘93 WAU ‘94 EAU ’91 EAU '95
1
1
1
1
3
1
2
2
1
2
6 4
2 
2
1
1
2
1
1
18  18 
1
1
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in 1993 (7) and 1994 (17) were analyzed for temporal stability. Although 
diversity was greater in the 1994 sample (/i=0.927) than in the 1993 sample 
(h=0.286, Table 3), the same haplotype was predominant in both 1993 and 
1994 samples (Table 2) and the net nucleotide sequence divergence between  
samples was only 0.06%. The distributions of haplotypes were not 
significantly different between the samples (p=0.158) so they were combined 
for subsequent analyses.
Geographically isolated populations
The mtDNA of 107 bluefish from five populations (MED, BRZ, SAF, 
WAU, EAU) was sampled and analyzed with nine restriction 
endonucleases, all of which were polymorphic, revealing 41 haplotypes 
comprising 57 unique restriction sites. Restriction fragment patterns and 
sizes are presented in Table 4. The average haplotype consisted of 34 sites, 
representing approximately 1.20% of the mtDNA genome. The distributions 
of haplotypes from the five locations, as well as those from Graves et al. 
(1992) which are included in all subsequent analyses, are presented in Table 
2 .
W ithin-sample haplotype diversities varied among the bluefish 
populations, ranging from 0.104 (EAU) to 0.924 (SAF) (Table 3). The mean 
haplotype diversity for the six locations was 0.701 and the pooled haplotype 
diversity was 0.917. In each population, a single haplotype unique to that 
population was shared by at least 40% of individuals, except for BRZ and 
SAF where no haplotype was predominant (Table 2).
Similarly, nucleotide sequence diversities, which account for the 
number of base pair changes between haplotypes as well as their frequency 
occurrence in a sample, were highly variable, ranging from 0.030% (EAU)
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Table 3. Haplotype diversities (/?) and nucleotide sequence diversities 
{n) of bluefish samples. USA data are from Graves et al. (1992) 
normalized to a 24 individual sample.
Site n
Temporal EAU '92 1 9
samples EAU '95 1 9
WAU '93 7
WAU '94 17
Combined EAU 38
samples WAU 2 4
SAF 12
BRZ 2 4
USA 2 4
MED 2 8
Haplotype Nucleotide
Diversity (h )  Diversity (71)
0 .1 0 5 0 .0 3 0
0 .105 0 .0 3 0
0 .927 0 .5 7 6
0 .286 0 .1 6 3
0 .1 0 4 0 .0 4 9
0 .8 2 3 0.481
0 .924 0.701
0.891 0 .7 0 5
0 .710 0.311
0 .664 0 .2 9 3
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Table 4. Restriction endonuclease digestion patterns of bluefish. Fragment 
sizes are in kilobase pairs.
A v a l  H in d l l l
A B C D E F G H A B
7.41 6.19 7.41 6.19 4.69 7.41 7.79 7.41 8.61 7.45
4.69 4.69 4.15 4.15 4.15 4.15 4.69 4.69 4.33 4.33
4.15 4.15 2.59 4.15 4.00 4.15 4.15 3.4 2.77 2.77
0.38 1.06 2.21 1.06 3.00 0.54 0.7 0.50 1.16
0.38 0.38 0.54
0.38
0.38 0.38 0.38 0.50
P v u l l P s t l
A B C D E F G A B C
10.12 6.10 13.0 10.12 6.10 6.10 7.39 11.50 9.5 14.42
3.81 3.81 2.35 2.18 3.81 2.95 5.13 2.92 2.92 2.34
2.18 2.18 2.18 1.92 2.18 2.18 1.92 2.34 2.34
1.92 1.92 1.92 0.8 1.34 1.92 1.34 2.0
0.8 0.8 1.34 0.6 0.8 1.34 0.8
0.6 0.6 0.8 0.8
0.5 0.6
EcoRV S s t l l
A B C D E F G A B
13.14 13.14 14.38 13.14 15.17 12.20 16.8 13.0 9.0
2.03 3.22 2.03 2.03 1.76 2.7 2.0 4.7
1.76 1.57 1.76 2.0
0.21
D r a l
A B C D E F
10.12 6.10 13.0 10.12 6.10 6.10
3.75 3.75 3.75 3.75 3.75 3.75
2.94 3.65 1.7 2.94 3.65
2.94 1.2 2.94 1.7
0.5 1.2
S s t l
A B C D E -
10.35 10.35 10.35 16.8 10.35
6.5 6.0 4.29 4.1
0.5 1.71 2.4
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N e il
A B C D E F G H I J K
4.32 7.41 4.32 4.32 4.32 7.41 3.5 4.32 3.09 7.41 6.7
3.09 2.57 3.09 3.09 3.09 2.24 3.09 3.09 2.8 3.5 2.57
2.57 2.24 2.57 2.57 2.57 2.0 2.57 2.39 2.57 2.24 2.24
2.24 1.98 2.24 2.24 2.46 1.98 2.24 2.24 2.24 1.79 1.98
1.98 0.8 1.79 1.1 2.24 0.8 1.98 1.98 1.98 0.6 0.8
0.8 0.6 0.8 0.8 0.8 0.6 0.8 0.8 1.5 0.7
0.6 0.6 0.7 0.57 0.7 0.6 0.8 0.6
0.2 0.6 0.18 0.6
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to 0.705% (BRZ) (Table 3). The mean nucleotide sequence diversity for all six 
populations was 0.431% and the nucleotide sequence diversity for the pooled 
data set was high (1.09%),indicating a substantial between-sample 
divergence. Nucleotide sequence divergences among haplotypes are 
presented in Appendix I.
No mtDNA haplotypes were shared between sam ples of 
geographically isolated populations of bluefish. Chi-square analyses 
revealed highly significant heterogeneity among the 6 populations (p<0.001). 
Values of net nucleotide sequence divergence among populations (corrected 
for within sample diversities) ranged from 0.26% (MED and USA) to 1.74% 
(BRZ and WAU) (Table 5). The USA, MED and SAF populations were closely 
related, as were the EAU and WAU samples. BRZ was distantly related to 
the other five populations examined. The mean inter-sample net nucleotide 
sequence divergence was 0.89%. UPGMA clustering of net nucleotide 
sequence divergences (Figure 4) also revealed close relationships between  
MED, USA, and SAF, as well as between EAU and WAU. BRZ was distantly  
related to all other samples.
Phenetic and cladistic analyses of haplotypes were conducted using a 
reduced sample of 24 individuals from the USA population because the 
original data set of 472 individuals accounted for about half of the haplotypes 
for all six populations combined. The use of a normalized sample of 24 
bluefish from the USA was validated by comparison of the diversities (h and 
7i) with those of random subsamples of the whole data set of 472 samples 
from the study of Graves et al. (1992). The haplotypic and nucleotide 
sequence diversities of the normalized subsample fell within the mean ± SD 
of the 10 random subsamples. Additionally, for all 10 random subsamples 
the correlation coefficient between the subsamples and the original USA
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Table 5. Net nucleotide sequence divergences (5) between 
bluefish populations (in percent).
USA MED BRZ SAF WAU EAU
USA -----
MED 0.26 -----
BRZ 1.48 1.38 ----
SAF 0 .3 8 0 .3 5 1.66 -----
WAU 0.62 0 .4 6 1.75 0 .75 ----
EAU 0 .7 8 0 .5 9 1.46 0 .9 4 0 .4 2 -----
2 8
Figure 4. UPGMA cluster of bluefish populations based on net nucleotide
sequence divergences.
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sample of 472 bluefish was less than that obtained for the normalized 
sample. Cophenetic correlation coefficients approaching 1.00 indicated 
reliable representations of the original data set. Since p<0.001 that the 
correlation of a random subsample would exceed that of the sample 
calculated by the haplotypic ratios to the original sample, the normalized 
subsample was used for phenetic and cladistic analyses.
UPGMA clustering of haplotypes based on nucleotide sequence 
divergences (Figure 5) demonstrated considerable affinity of haplotypes from 
a region. All but two haplotypes from BRZ were highly divergent (>1.00%) 
from other bluefish haplotypes. Haplotypes from the other five populations 
demonstrated less sequence divergence. Those from EAU and WAU 
generally grouped together, as did those from MED and USA. SAF 
haplotypes were scattered among those of MED, USA, WAU and EAU.
Similar patterns of relationships were revealed w ith the cladistic 
analyses. A maximum parsimony heuristic search of the haplotypes using  
a presence/absence site matrix yielded >100 equally parsimonious trees of 
length 59 with equal weighting of site gains and losses. Strict consensus 
analysis revealed two branches, one comprising all of the BRZ haplotypes 
and the other comprising all of the EAU haplotypes. All other samples 
formed an unresolved cluster. A 50% majority consensus tree (Figure 6) 
resulted in some interspersion of haplotypes from MED, SAF and USA, 
while haplotypes from EAU, WAU and BRZ were clearly separated from the 
other sam ples.
W eighting of characters in the maximum parsimony analysis 
resulted in an apparent reduction of geographical partitioning of haplotypes 
among bluefish populations. A heuristic search with weighted characters 
produced >100 equally parsimonious trees of length 138. Strict consensus
3 0
Figure 5. UPGMA cluster of bluefish haplotypes based on nucleotide
sequence divergences.
3 1
USAA
USAF
USAD
USAG
USAE
MEDF
USAH
USAI
MEDA
SAFB
MEDC
MEDD
MEDE
MEDG
MEDB
SAFA
SAFD
USAB
USAJ
BRZD
BRZE
SAFE
SAFF
SAFG
SAFH
USAC 
WAU A
WAUB
WAUC
WAUF
WAUD
WAUK
EAUA
EAUB
WAUE
WAUH 
WAU I 
WAUJ
WAUG
SAFC
EAUC
BRZA
BRZB
BRZI
BRZJ
BRZC
BRZF
BRZH
BRZL
BRZG
BRZK
BRZM
I 1 1 1 1 1 I 1 I 1 I 1 I I I I I .
1.50 1.00 0.50 0.00
Nucleotide Sequence Divergence (Percent)
Figure 6. 50% majority consensus tree derived from 100 trees created by 
maximum parsimony analysis of haplotypes where site gains and losses 
were weighted equally. Branch lengths are proportional to the number of 
character changes along the branch (PAUP, Swofford 1989).
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analysis revealed BRZ as the only sample comprising a unique branch. Two 
SAF haplotypes also comprised a branch while all other haplotypes were 
unresolved. The 50% majority consensus analysis yielded only two unique 
branches, EAU and BRZ (Figure 7). Haplotypes from USA, SAF, WAU and 
MED were interspersed throughout the tree.
Neighbor joining analyses of haplotypes also revealed distinct 
association of haplotypes within geographical areas (Figure 8). W eighting 
of restriction site gains had no effect on the topology of the tree. As with  
maximum parsimony analysis, BRZ and EAU comprised unique branches 
of the tree. One SAF and one MED haplotype were found among the USA  
haplotypes and one MED haplotype appeared at the base of the BRZ branch. 
Aside from the above, the haplotypes were separated by geographic location 
on the neighbor joining tree.
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of the 
VIRGINIA INSTITUTE 
of
MARINE SCIENCE
3 3
Figure 7. 50% majority consensus tree derived from 100 trees created by 
maximum parsimony analysis of haplotypes using PAUP (Swofford 1989). 
Characters were weighted with a site loss = 1, site gain in a 5-base pair site = 
15, site gain in a 6-base pair site = 18. Branch lengths are proportional to the 
number of character changes along the branch.
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Figure 8. Phylogram created by neighbor joining of haplotypes using PAUP 
(Swofford 1989). Characters were unweighted, but the topology of the tree 
did not vary with the weighting of site changes. Branch lengths are 
proportional to the number of character changes along the branch.
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Discussion
Temporal stab ility  and within-sam ple diversity
To reveal spatial partitioning between populations, a genetic 
character m ust reveal variation within a population. Bluefish haplotypes 
demonstrated sufficiently high levels of diversity (/i=0.10 to 0.92), similar to 
diversities (/i=0.00 to 0.83) found by Crosetti et al. (1994) in a study of grey 
m ullet which revealed clear geographic partitioning among samples.
To assess the significance of geographic population structure, 
comparison of genetic relationships among samples collected in different 
years requires techniques that demonstrate temporal stability within  
populations. Analyses of haplotypes from EAU samples collected in 1992 
and 1995 as well as WAU samples from 1993 and 1994 supported the 
hypothesis that there is no significant change in haplotype frequencies over 
time within a geographic location (p=0.481 and p=0.158, respectively). 
However the WAU temporal sample was small and the EAU population 
displayed little diversity among individuals, thereby possibly lim iting the 
power of the test. Temporal stability of mtDNA haplotype distributions was 
also reported by Graves et al. (1992) for large samples (1988,72=100; 1989, 
72=102; 1990,72=36) of USA bluefish. No significant genetic divergence was 
found among the highly variable mtDNA haplotypes from bluefish samples 
taken over three years off the USA mid-Atlantic coast (p=0.305). Thus the 
use of samples collected in different years for analysis of the spatial 
partitioning of genetic variation appears justified.
Relationships among isolated populations
The results of the mtDNA analyses indicate that isolated bluefish 
populations do not share a common gene pool; there is no evidence of
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present day gene flow between any of the six geographically isolated 
populations. Furthermore, the data suggest clear patterns of genetic 
relatedness among haplotypes that reflect the geographic relationships of 
the samples. While the data indicate that each population represents a 
unique gene pool, it is possible that low levels of gene flow may occur 
between areas. Closely related haplotypes, differing by one or two restriction 
site changes, were found in different samples. Because sample sizes were 
not large, the possibility exists that identical haplotypes may occur in 
geographically isolated populations.
Close relationships among the USA, MED and SAF samples, and 
between the EAU and WAU samples, were revealed by both phenetic and 
cladistic analyses. The sm allest net nucleotide sequence divergence 
between samples was revealed between the USA and MED, and a few 
haplotypes from those samples were interspersed on the maximum  
parsimony and neighbor joining trees. The genetic similarity of the USA  
and MED populations is probably indicative of low level gene flow or 
relatively recent isolation. Hare and Cowen (1993) proposed a model for 
bluefish larval transport in the north Atlantic, suggesting that fish off the 
coast of the United States may be transported into the estuaries or swept 
northeastward in the Gulf Stream. In recent history the larvae may have 
reached the northeast Atlantic, contributing to genetic mixing of the two 
populations. Analysis of a larger MED bluefish sample or samples from an 
intermediate location between the USA and MED, such as the Azores, may 
help to elucidate the relationships among north Atlantic bluefish 
populations.
Patterns and degrees of genetic divergence similar to those between 
USA and MED bluefish (d=0.26%) have been found in other studies
3 7
comparing eastern and western north Atlantic fish populations. Scoles 
(1994) used RFLP analysis of mtDNA to survey genetic relationships among 
populations of mackerels of the genus Scomber and demonstrated very close 
relationships between western and eastern Atlantic populations in each of 
two species. Eastern and western north Atlantic samples of the Atlantic 
mackerel (S. scombrus) were separated by a net nucleotide sequence 
divergence of 0.01% and shared a common haplotype although there was 
significant heterogeneity of haplotype distributions among samples.
Eastern and western north Atlantic samples of chub mackerel (S. 
japon icu s) were also closely related with a net nucleotide sequence 
divergence of 0.14%. In contrast, eastern and western Atlantic sam ples of 
the grey m ullet compared by mtDNA RFLP analysis were highly divergent, 
w ith a net nucleotide sequence divergence of 1.78% (Crosetti et al. 1994). 
Rates of mtDNA evolution may vary among species, but the large difference 
between the net nucleotide sequence divergences of the mullet from that of 
the mackerel and bluefish suggests differing historical biogeography among 
the three species.
Both USA and MED samples of bluefish were closely related to the 
SAF sample, differing by a net nucleotide sequence divergence of 0.38% and 
0.35%, respectively. In addition, some SAF haplotypes clustered w ith those 
of the MED and USA in several of the cladistic analyses, although not as 
frequently as the USA and MED haplotypes interspersed. Scoles (1994) noted 
a high degree of similarity between samples of chub mackerel from South 
Africa with those from the western North Atlantic and Mediterranean, with  
net nucleotide sequence divergences of 0.17% and 0.01%, respectively. In 
addition, several haplotypes were common to the three samples. As before, 
genetic divergence was considerably greater between samples of grey m ullet
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from South Africa and the North Atlantic and Mediterranean Sea (2.17% 
and 2.92%, respectively) (Crosetti et al. 1994). The consistent trend of higher 
divergence levels of grey mullet compared to bluefish and mackerel suggests 
that the fishes' ability to disperse is the determining factor in the 
distribution of the fish rather than vicariant events. Adult migration 
appears to determine dispersal magnitudes. The adult grey m ullet are 
more restricted to coastal waters than are the pelagic mackerel, so contact 
among m ullet populations is likely limited by adult dispersal modes, as was 
reflected in the discrepencies in divergence values (Scoles, 1994). On the 
other hand, the grey m ullet and bluefish have similar pelagic larval phases, 
yet different levels of divergence.
EAU and WAU samples of bluefish were closely related, separated by 
a net nucleotide sequence divergence of 0.43%. These data support a recent 
allozyme analysis by Nurthen et al. (1992) which revealed distinct population 
structuring between samples from EAU and WAU although genetic 
distances were low and no fixed differences (allozyme patterns found in one 
population but not found in any individuals from another population) were 
detected. In the present study, EAU bluefish were characterized by very low 
(0.03%) nucleotide sequence diversity in contrast to the high diversity 
maintained within the WAU sample (0.48%). The low level of mtDNA  
diversity within the EAU sample was present in both 1991 (Graves et al.
1992) and 1995 samples. Reduced variation of the eastern Australian 
bluefish, relative to the western population, was also evident in allozyme 
analysis (R. Steckis, Western Australian Marine Research Laboratories, 
pers. comm.). The low level of mtDNA diversity as well as the modest 
divergence from the WAU samples is consistent with a recent population
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bottleneck such as a colonization event by a small number of bluefish in 
EAU.
On the other extreme, both phenetic and cladistic analyses 
consistently placed the BRZ bluefish sample as distantly related to all other 
samples. The haplotypic diversity of the BRZ sample was high and it 
exhibited large net nucleotide divergences from all other populations. These 
results indicate that this population has been isolated for a much longer 
tim e than the other bluefish populations. A large initial population size as 
well as long time in isolation could lead to the abundant diversity and 
divergences seen in the BRZ sample. Although divergence values were 
lower, the tropical western Atlantic also appears to limit gene flow between
populations of chub mackerel from Argentina and Florida (Scoles 1994).
>
MtDNA sequence divergences can be used as a "molecular clock" to 
roughly estim ate the time of separation between lineages. A sequence 
divergence rate of 2% per million years was calculated for primates (Brown 
et al. 1979), while an evolutionary rate approximately five tim es slower was 
calibrated for sharks (Martin et al. 1992). Using these two estim ates as 
extremes, the greatest isolation in this study, between BRZ and EAU, 
occurred from one million to five million years ago, while the most recent 
isolation, between USA and MED, occurred between 130,000 and 650,000 
years ago. Although the divergence times must be used cautiously as 
evolutionary rates may vary among species as well as over time (reviewed in 
Avise 1994), they suggest that dispersal, rather than vicariant events which 
would be made evident by similar divergence times among species, are 
responsible for the present day distribution of bluefish.
Dispersal of bluefish by adult vagility or passive larval dispersal may 
have been limited by environmental conditions. Shifts in bluefish ranges
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were likely caused by historical changes in water temperatures which 
appear to play a major role in limiting bluefish distributions. Present day 
bluefish distributions as well as water temperature manipulation 
experiments indicate that bluefish prefer temperate waters (e.g. Olla et al. 
1985, Kendall and Walford 1979). The current distribution of bluefish 
coincides with global temperature profiles of 15-25°C water (Couper 1983). 
The beginning of the Pleistocene ice age was estimated at 3 million years ago 
(Bandy and Wade 1967), possibly affording contact among bluefish by 
compressing the warm tropics. Changes in historical water temperatures 
may have allowed corridors for new bluefish populations to be established or 
may have divided larger continuous bluefish distributions. For example, an 
increase in water temperatures around the southern coast of Australia may 
have allowed some bluefish to reach the eastern side of Australia from its 
western coast. Since that time cooler water temperatures may have 
reisolated the two populations (<15°C around Southern Australia [Couper 
1983]).
In addition to temperature distributions affording opportunities for 
adult migration between populations, water currents may affect the 
dispersion of early life history stages of bluefish. USA, MED and SAF 
bluefish populations appear to be closely related while the population from 
BRZ is highly divergent from the three. While the model for bluefish larval 
transport suggests the feasability of gene flow within the North Atlantic 
(Hare and Cowen 1993), currents are not conducive to larval transport 
between the North and South Atlantic and warm equatorial waters may 
block migration of adults. Similar population structuring within the 
Atlantic was also detected in RFLP analysis of pelagic shortfin mako shark 
(Isurus oxyrinchus) mtDNA (Heist et al. 1995).
41
Bluefish from SAF also are presumably isolated by the combination of 
currents and water temperatures. To travel eastward towards WAU the 
SAF bluefish would have to survive 10-15°C waters of the Southern Ocean, 
which are outside of their normal tolerance range. Larvae may be 
transported away from SAF by the Benguela current up the coast of western  
Africa and swept up to the USA range by the Florida current, but the 
distance is great and the larvae would have to travel through 25-30°C 
waters. Upwelling along the African coast or historical cooling of waters 
along the paths of these currents may allow occasional gene flow between  
SAF and the North Atlantic. Large ice sheets and cooler temperatures were 
present 5-6 million years ago (Crowley 1983), possibly compressing the 
warm tropical waters and thus allowing passage of temperate fishes across 
the equator. Water temperature fluctuations since then may have altered 
the bluefish ranges to those present today (reviewed in Crowley 1983).
The geographically isolated bluefish populations demonstrate 
significant genetic structuring. Close genetic relationships of mtDNA  
haplotypes within each geographic location were usually evident in both 
phenetic and cladistic analyses, and the results were robust to the type of 
cladistic analysis and the character weighting scheme employed. While 
bluefish populations appear to be effectively isolated from each other by 
w ater temperature, the genetic relationships among populations suggest 
either a very low level of gene flow among some locations or recent historical 
contact. The high vagility of adult bluefish or the dispersal of early life 
history stages could account for either limited recent or historical gene flow. 
Despite the capacity of bluefish for long-distance dispersal, current 
environmental barriers severely lim it gene flow, so for the time being each 
isolated population represents a unique evolutionary trajectory.
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A ppendix II. Data co llected  from global populations of bluefish.
S a m p le C o lle c te d S ex L enqth  <SL, mm) W et Wt (kq) Ava 1 Hind II Pvu II Dra 1 EcoR V S s t  1 P s t 1 ! S s t  II j Nci 1
!
W AU93-5 18 -M ar-9 3 A A D A E A A A D
W AU93-6 18 -M ar-9 3 A A A A E B A A D
W AU93-7 1 8 -M ar-9 3 A A A A E B A . A D
W AU93-8 18 -M ar-9 3 A A A A E B A A D
W AU93-9 18 -M ar-9 3 A A A A E B A A D
WAU93-1C 18 -M ar-9 3 A A A A E' B A A D
W A U 93-11 18 -M ar-9 3 F 3 9 0 A A A A E B A A D
WAU94-1 M av-94 A A A A E A A A D
W AU94-2 M av-94 A A A A A B A A D
W AU94-3 M ay-94 A A A A E A A A D
W AU94-4 M ay-94 A A A B E A A A D
W AU94-5 M ay-94 A A A A E C A A D
W AU94-6 M ay-94 B A A B E A A A D
W AU94-7 M ay-94 B A A B E B A A D
W A U 94-10 M ay-94 E A A B E B A A D
W A U 94-11 M ay-94 B A A B E B A A D
W A U 94-12 M ay-94 B A A A F B A A D
W A U 94-13 M ay-94 B A A B F B A A D
W A U 94-15 M av-94 2 1 9 0 .123 A A A A E B A A D
W A U 94-16 M av-94 2 1 2 0 .107 A A A A E B A A D
W A U 94-17 M ay-94 2 1 4 0 .092 A A A A E C A A D
W A U 94-18 M ay-94 F 241 0 .138 A A A A E B A A D
W A U 94-20 M av-94 2 0 5 0 .089 A A A A E B A A D
W A U 94-23 M av-94 163 0 .047 C A A A E C A A D
BRZ-1 4 -F e b -9 3 A A A B G A A A J
BRZ-2 4 -F e b -9 3 A A A E G B A A J
BRZ-3 4 -F e b -9 3 A A A E G A A A J
BRZ-4 4 -F e b -9 3 A A A E G A A A J
BRZ-5 4 -F e b -9 3 A A A C G A B A J
BRZ-6 4 -F e b -9 3 A A A B G A A A J
BRZ-7 4 -F e b -9 3 A A A B G A A A J
BRZ-8 5 -F e b -9 3 A A A E G A A A J
BRZ-9 5 -F e b -9 3 A A A F G A A A J
BRZ-10 5 -F e b -9 3 A A A F E A A A J
B R Z-11 5 -F e b -9 3 A A A E E A A A
BRZ-12 5 -F e b -9 3 A A A E G A A A J
BRZ-13 5 -F e b -9 3 A A A E E A A A J
BRZ-14 5 -F e b -9 3 A A A E E A A A J
BRZ-15 5 -F e b -9 3 A A A E E A A A J
BRZ-16 5 -F e b -9 3 A A A E E A A A J
BRZ-17 5 -F e b -9 3 A B A E E A A A J
BRZ-18 3 -F e b -9 3 4 2 0 0.65 A A A E G A A A J
BRZ-19 3 -F e b -9 3 4 1 0 0 .62 G A A E G A A A J
BRZ-20 3 -F e b -9 3 3 7 0 0.48 A A A A G A A A J
BRZ-21 3 -F e b -9 3 3 8 0 0 .54 A A A E G A A A J
BRZ-22 3 -F e b -9 3 4 0 0 0.55 A A A E G A A A J
BRZ-23 3 -F e b -9 3 4 2 0 0 .66 G B A E E A A A J
BRZ-25 3 -F e b -9 3 5 3 0 1.21 A A A E G A A A B
MED-4 A A A A C A A A B
MED-5 A A A A E A A A B
MED-6 A A A A E A A A A
MED-7 A A A A E A A A A
MED-8 A A A A E A A A A
MED-9 A A A A E A A A A
MED-10 A A A A E A A A A
MED-11 A A A A E A C A A
MED-12 A A A A E A A A A
MED-13 G A A A E A A A A
MED-14 A A A A E A A A A
MED-15 G A A A E A A A A
MED-16 A A A A E A A A A
MED-17 A A A A E A A A A
MED-18 A A A A E A A A A
MED-19 G A A A E A A A A
MED-20 A A A A E A C A A
MED-21 2 2 - J u l - 9 4 M 39 5 0 .59 A A A A E A A i A A
MED-22 2 2 - J u l - 9 4 M 4 4 0 0 .83 A A A A E ! A A j A 1
MED-23 2 2 - J u l - 9 4 M 4 2 0 0.8
—
1 
<<<<
E ! A A A A
MED-24 2 2 - J u l - 9 4 M 4 5 0  ! 0 .86 A i A j A i A E ! A I O > A
MED-25 2 2 - J u I-94 M 4 3 5  0 .93  G A A A E ! A
<<<
MED-26 2 2 - J u l - 9 4 F 4 2 5  ! 0 .78  A A A A E i A
<<<
MED-27 i 2 2 - J u I -9 4  ! F 4 2 0  I 0.79  G A A A E i A A 1 A ! A
MED-28 i 2 2 - J u l - 9 4  j M i 4 4 0  I 0.81 i A A A i A E A A A ; A i
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M ED-29 2 2 - J u l - 9 4 F 4 6 0 0 .84 A A A A E D A A A
MED-30 2 2 - J u l- 9 4 F 4 2 0 0 .73 A A A A E A A A A
EAU-1 2 1 -F e b -9 5 139 0 .028 A A A D E A A A D
EAU-2 2 1 -F e b -9 5 120 0 .02 A A A D E A A A D
EAU-3 21 -F e b -9 5 125 0 .02 A A A D E A A A D
EAU-5 2 1 -F e b -9 5 175 0 .0 7 9 A A A D E A A A D
EAU-6 2 1 -F e b -9 5 117 0 .0 1 7 A A A D E A A A D
EAU-7 2 1 -F e b -9 5 122 0 .02 H A A D E A A A D
EAU-10 2 1 -F e b -9 5 105 0 .012 A A A D E A A A D
EA U -11 2 1 -F e b -9 5 104 0 .012 A A A D E A A A D
EAU-13 2 1 -F e b -9 5 109 0 .014 A A A D E A A A D
EAU-14 2 1 -F e b -9 5 129 0 .0 2 3  ”1 A A A D E A A A D
EAU-15 2 1 -F e b -9 5 121 0 .016 A A A D E A A A D
EAU-16 2 1 -F e b -9 5 112 0 .0 1 5 A A A D E A A A D
EAU-18 2 1 -F e b -9 5 129 0 .02 A A A D E A A A D
EAU-23 21 -F e b -9 5 169 0 .0 6 4 A A A D E A A A D
EAU-24 2 1 -F e b -9 5 129 0.021 A A A D E A A A D
EAU-25 2 1 -F e b -9 5 2 0 2 0 .0 9 6 A A A D E A A A D
EAU-26 2 1 -F e b -9 5 122 0 .0 1 7 A A A D E A A A D
EAU-28 2 1 -F e b -9 5 125 0 .0 2 3 A A A 0 E A A A D
EAU-29 2 1 -F e b -9 5 132 0 .022 A A A D E A A A D
S A F -1 2 1 8 0 .149 A r  A C A E A A A B
SA F-2 2 2 6 0 .145 A A C A E A A A E
SA F-3 2 2 8 0 .148 A A C A A A A A B
SA F-4 2 5 9 0 .1 9 6 A A C A A A A A B
SA F-5 23 2 0 .1 5 7 A A A A A A A A B
SA F-6 241 0 .164 A A C A A A A A B
SA F-7 231 0.15 H A C A E A A A A
S A F-10 2 2 8 0 .145 A A C A E A A A B
S A F -12 2 0 9 0 .124 A A G A A A A A A
S A F -13 2 4 2 0 .148 A A G A A C A A A
S A F -14 2 4 0 0 .163 A A C A A A A A A
S A F -15 2 0 5 0 .0 9 3 A A G A A C A A A
S A F -16 2 3 4 0 .163 A A G A A A A A A
S A F -17 2 4 8 0 .1 7 3 A A C A E E A A B
S A F -18 2 1 6 0 .114 A A C A E A A A A
S A F -19 2 0 0 0.111 A A C A E A A A A
S A F -20 2 3 7 0.151 A A F A E A A A A
S A F -2 1 2 2 9 0.141 A A F A E A A A J ..... A....
S A F-22 241 0 .177 A A F A E E A A A
S A F -23 2 6 5 0 .228 A A F A E A A A A
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